Abstract Palm pollen (PP) has been widely used in nutrition, pharmaceutical and cosmetic industries. In the present study, we explored the potential of PP in the synthesis of a silver nanoparticle (Ag NP). PP was used as both reducing and stabilizing agent. The Ag/PP nanocomposite was examined by field emission electron microscopy, X-ray diffraction, Fourier transform infrared (FT-IR) spectroscopy, ultraviolet spectroscopy and zeta potential measurement. The biosynthesized NPs showed surface plasmon resonance centered at 425 nm with an average particle size measured to be 23 nm and a zeta potential of -30.9 mV. Prominent FT-IR signals were obtained and ascribed to phenolic and carbohydrate compounds involved in the formation of the Ag NPs, and proteins which participated in stabilization of the Ag NPs. The biologically synthesized Ag NPs were found to be extremely effective against E. coli (13.8 ± 0.25 mm) with a minimum inhibitory concentration of 20 lg/mL. Thus, such biosynthesized Ag NPs can be used in medicinal applications.
Introduction
Recently, silver nanoparticles (Ag NPs) have merited a great deal of interest in biomedical applications because of their surface plasmon resonance effect and antibacterial activity [1, 2] . Production of Ag NPs has been achieved by different chemical and physical methods consisting of complex synthesis/reduction procedures, such as co-precipitation, microemulsion, sonochemical and photochemical techniques [3] . Synthesis of NPs by physical and chemical approaches may have significant environmental imperfections, require great technical effort and are economically costly [4] . Currently, there is a growing need to develop ecologically friendly and acceptable approaches for the synthesis of such NPs, which do not use toxic chemicals in the synthesis procedures, enabling avoidance of noxious effects in medical uses [5] . Biomass systems which have demonstrated the potential for production of numerous NPs include plants [6] , algae [7] , and various microorganisms, for instance, fungi [8] , bacteria [9] , and actinomycetes [10] . Among the biological systems available for the synthesis of NPs, a plant-mediated system is more suitable due to its simplicity, eco-friendliness and extensive medicinal effects [11] . Biomolecules present in plant extracts can be potentially absorbed on the surface of NPs during particle formation procedures, eventually leading to different successive surface effects during their application. Therefore, study of different plant sources having different extract compositions and their application as mediators in the production of NPs could very interesting.
Pollen is the male reproductive cell of palm flowers and were used by the early Egyptians and the ancient Chinese as rejuvenating medicinal agents. They are used worldwide as nutritional supplements [12] . Furthermore, pollen is used for curing infertility and impotency in traditional medicine. Pollen can stimulate special consideration in the biomedicine field because of its great various benefits, for example, its good biocompatibility, exclusive properties of well-proportioned pore size, structure and pharmaceutical properties. Pollen contains nutritionally essential materials such as carbohydrates, proteins, amino acids, lipids, vitamins, mineral substances and trace elements, but also significant amounts of polyphenol substances, mostly flavonoids [13, 14] .
Ag NPs, as for all other metallic nanostructures, are easily aggregated and this aggregation behavior is the cause of the in vitro and/or in vivo toxicity of metal NPs [15, 16] . Several organic solvents, stabilizers or coating agents (such as polymers [17] , ligands or surfactants [18] ) have been utilized to decrease aggregation and stabilize the NPs. These surfactants and polymeric ligands are generally made from petrochemicals which are non-renewable and usually toxic. Consequently, finding renewable, biodegradable and safe alternatives is promising. Pollen as a natural, renewable and nontoxic stabilizer is favorable. Pollen has a porous structure which is suitable for an extensive range of potential applications, such as controlled release drug delivery systems. The bio-compounds present in PP can be beneficial to synthesize inorganic NPs and the functional groups of biomolecules like carboxyl and amides will chemically bind to the surface of the nano-structures, stabilize the NPs and obviate their aggregation.
The focus of the present study is the production of Ag NPs using PP grain aqueous solution, and their characterization. Furthermore, we assessed the antibacterial activity of the bioformed NPs against a Gram-negative bacterium, E. coli, an important pathogen of warm-blooded organisms. To the best of our knowledge, this is the first report on the use of PP as a biological system for synthesis of Ag NPs for pathogen management.
Experimental Materials
AgNO 3 (99.98 %), which was applied as a silver precursor, was received from Merck (Darmstadt, Germany). In this study, all reagents were analytical grade and all the solutions were made with deionized water. Pollen grain of Iranian date palm was purchased from a market in Iran.
Synthesis of Ag/PP nanocomposite
About 0.5 g of a PP grain was added to 100 mL of distilled water at room temperature under magnetic stirring. After complete dissolution, 100 mL of 0.1 mM AgNO 3 aqueous solution was prepared to react with pollen suspension under gentle stirring at 30°C for 1 h, and then it was kept at room temperature for another 2 h. The resulting solid product was collected through centrifugation at 10,000 rpm for 10 min and carefully washed with distilled water and dried at 45°C overnight. The resulting dried sample was again suspended in double-distilled water and adjusted by adding 0.1 ml of phosphate buffered saline (pH 7.4) to the whole volume to reach physiological pH.
Instrument
The crystalline structure of the sample was examined by X-ray diffraction (XRD) analysis recorded by a diffractometer (XPERTPRO) at room temperature at a voltage of 40 kV and current of 30 mA. The chemical structure was analyzed by using a FT-IR spectrometer (Perkin-Elmer 1725X) in the 400-4000 cm -1 region. The morphology and size of the sample were determined by using a field emission scanning electron microscopy (FESEM; JSM-6360LA) machine. The sample powders were fixed on a metal stub by using carbon tape and were then gold-coated using a sputter coater. The sample elements were determined by energy-dispersive X-ray spectroscopy (Shimadzu DX-700HS). The pure sample was analyzed for its UV-visible spectrum using a UV-vis spectrophotometer (a Lambda 25-Perkin Elmer) in the range of 200-800 nm. The laser Doppler electrophoresis technique was used to measure the particle electrostatic charge by using a zeta sizer-nano instrument (Malvern, UK); the measurements were performed at a pH of 7.26 ± 0.13 to mimic physiological pH.
Antimicrobial activity of the Ag/PP nanocomposite
The antimicrobial activity of the Ag/PP nanocomposite against Gram-negative E. coli was measured using the disk-diffusion method. Pure cultures of bacteria were grown in Mueller-Hinton agar broth (Sigma, USA) at 37°C, on a rotary shaker at 200 rpm. Disks that were 6 mm in diameter were placed on the Mueller-Hinton Agar plates. Samples with various concentrations (10, 20, 30, 40 , 50 and 60 lg/mL) were added to the disks and inoculated with cultures. Streptomycin was used as positive control. After incubation, the diameter of the inhibition zone was observable as a clear colorless disk and measured using a ruler and expressed in mm. The lowest concentration showing no color change was considered as the minimum inhibitory concentration (MIC).
Results and discussion
In this study, Ag NPs were formed through a one-step process via reduction of Ag into Ag o in the PP aqueous suspension without the requirement of an external reducing agent or stabilizer. Formation of the Ag NPs during exposure to the pollen aqueous suspension could easily be followed by visual assessment (Fig. 1) . The colorless reaction mixture became light brown within 30 min, and then the brown color increased dramatically up to 1 h and was maintained throughout the experiment, indicating the biotransformation of ionic silver to reduced silver, as a result of the surface plasmon resonance (SPR) phenomenon.
The UV-visible spectra of the reaction mixture obtained after 10 min of reaction is shown in Fig. 2a . It has been well established that Ag NPs absorb radiation in the visible region of the electromagnetic spectrum (380-450 nm) owing to the SPR transition [19, 20] . In the UV-visible spectrum, a smooth and broad peak was centered at 425 nm, indicating the presence of Ag NPs. This absorption steadily increases in intensity as a function of reaction time, representing an increase in the number of formed Ag NPs in the solution. This may have occurred owing to the reduction of metal ions by biomolecules present in the pollen. Remarkably, the SPR Fig. 1 Color change of PP aqueous suspension at: a the beginning; b 10 min; c 30 min; d 40 min; e 50 min; and f 1 h after synthesis of Ag NPs patterns and characteristics of the NPs were found to be extremely dependent on particle size, the stabilizing molecules or surface-adsorbed particles [21] . A smooth and broad SPR band in all stages of the synthesis directly corresponded to the absorption spectra of spherical and polydispersed NPs [22] . The Ag/PP nanocomposites were suspended in phosphate buffered saline (pH 7.4), and this showed an SPR band centered at 424 nm, indicating that these particles are stable at physiological conditions (Fig. 2b) .
FT-IR analysis was carried out to identify the possible biomolecules responsible for the reduction and stabilizing of the bioformed Ag NPs. The FT-IR spectrum of the pollen (Fig. 3) Absorbance (a.u) 1028 cm -1 which represent OH stretching, CH stretching vibrations of aldehydes or alkanes, stretching vibration of the (NH) C=O group, stretching vibration of -COO groups in the amino acid residues of the protein [23] , an amide III band of the random protein coil [24] , C-O stretching vibrations of phenol or C-N stretching vibrations of amine, respectively.
Wavelength (nm)
The presence of proteins, carbohydrates, and polyphenols in the pollen could be responsible for the reduction and stabilization of Ag NPs. Furthermore, the FT-IR spectrum of PP after synthesis of Ag NPs shows significant differences in the shape, intensity and position of bands, suggesting the participation of functional groups of these biomolecules for formation and stabilizing of Ag NPs.
After reduction of Ag ? , the decreases in intensity at 3349 and 2925 cm -1 indicated the involvement of hydroxyl and aldehyde groups in the reduction process by oxidation to aldehyde [25] and carboxylic acids [26] , respectively. The above signals commonly occur in carbohydrates and polyphenols representing the involvement of these biomolecules in Ag NP production. One of the possible mechanisms for reduction of metal ions to nano zero valent metallic particles is shown in Scheme 1. On the other hand, the intense bonds that appeared at 1395, 982 and 562 cm -1 signified strong interaction between the carboxyl and amid groups and metal NPs. These results ensured that proteins could be connected on the surface of metal NPs, probably by interaction through p electron interaction in the absence of other strong ligating agents in sufficient concentration. In fact, the p electrons of the carbonyl group (C=O) from carboxylic and amide bands of proteins in a reduction/oxidation system can transfer to the free orbital of metal ions and convert that to the free metal. Such interactions would decrease the mobility of Ag ? , inhibit the growth of large particles, and stabilize Ag NPs. This is consistent with our previous study, which demonstrated that proteins present in pollen had a strong ability to synthesise and stabilize zinc oxide (ZnO) NPs [27] .
The FESEM images and energy-dispersive X-ray spectroscopy (EDX) spectrum for the PP and nanocomposite are shown in Fig. 4 . The FESEM image (Fig. 4a) displays the porous structure of pollen with tunable pores. Figure 4b clearly confirms that the Ag NPs were deposited in the porous host. High-magnification FESEM image Fig. 4c shows that the Ag NPs are spherical in shape and polydispersed without other observable nanostructure morphologies, as verified by the absorbance spectrum; and the size of NPs are in the range of 25-35 nm. Control of the morphology and size of the resultant nanostructures can be associated with the interactions between biomolecules and metal atoms [28] . The purity of the bioformed Ag NPs was examined by EDX (Fig. 4d) combined with FESEM. The Scheme 1 Reducing ability of phenolic compounds to produce Ag NPs EDX spectrum showed a strong signal for silver. Other peaks corresponding to O and C, were also observed, which related to stabilizing molecules of PP. The crystalline nature of Ag NPs was carried out using XRD in the 2h range of 20°-80°. The characteristic XRD peaks were centered at *38°, *45°, *64°and *75°, which can be indexed as (111), (200), (220) and (311) reflections of the facecentered cubic (FCC) structure of metallic silver, respectively. The data obtained matched with the database of the Joint Committee on Powder Diffraction Standards (JCPDS) file No. 04-0783. The mean particle diameter of Ag NPs was calculated from the XRD pattern (Fig. 5) , according to the line width of the maximum intensity reflection peak. The size of the NPs was calculated through the Scherer equation:
where d, k, h, and b indicate the mean particle size, the X-ray wavelength (1.5406 Å ), the Bragg diffraction angle and the full width at half maximum (FWHM) in radians, respectively. The particle size of the Ag NPs was around 23 nm. The difference in the achieved values of the particle size of the Ag NPs is owing to the fact that FESEM measurements are based on the difference between the obvious particle edges, while XRD calculations measure the extended crystalline district that diffracts X-rays coherently. Thus, the XRD technique has a more accurate measure and leads to smaller sizes [29] . The zeta potential value of silver NP, -30.9 mV, signifies that the particles are covered with anionic bio-molecules and are highly stable, as shown in Fig. 6 . This may be obtained by means of high repulsive and attractive forces occurring between each NP. The higher zeta-potential value is an important parameter to continue the stability of the suspension because it will cause a repulsive force and retain the NPs away from each other, which results in a high stability of the suspension. 
Antimicrobial assessment
In this study, the antimicrobial activity of bioformed Ag NPs was assessed. In this analysis, various concentrations of Ag NPs displayed antimicrobial activity against E. coli (Table 1; Fig. 7 ). The mean of three replicates of the diameter of the zone of inhibition for each concentration were determined to be about 8.3 ± 0.51, 9.2 ± 0.36, 10.2 ± 0.46, 12.4 ± 0.37 and 13.8 ± 0.25 mm, respectively, for 20, 30, 40, 50, and 60 lg/mL. The results propose that the biosynthesized Ag NPs act as an effective antibacterial agent.
These findings are consistent with previous studies that examined the antimicrobial activity of Ag NPs against E. coli [30] . The mechanism of the bactericidal effect of Ag and Ag NPs remains yet to be understood. Several studies suggest that Ag NPs may attach to the surface of the cell membrane, distressing permeability and respiration functions of the cell [31] . It is also possible that Ag NPs not only interact with the membrane surface, but can also penetrate inside the bacteria [32] .
Conclusions
We synthesized Ag NPs with PP as a reducing and stabilizing agent. The use of PP as a cost-effective and efficient alternative displays an attractive, clean and fast synthetic method for the large scale synthesis of Ag NPs. This green process has high outputs and simple procedures without the use of toxic substances or a surfactant template. Also, we established that bioformed silver is a highly effective antimicrobial agent for the E. coli pathogen. The present process has the advantages of having readily available starting reagents, direct and simple work-up operations, the exclusion of ligands, high yields, and an outstanding antibacterial effect.
